Background:
The 22 Ne(p,γ) 23 Na reaction is the most uncertain process in the neon-sodium cycle of hydrogen burning. At temperatures relevant for nucleosynthesis in asymptotic giant branch stars and classical novae, its uncertainty is mainly due to a large number of predicted but hitherto unobserved resonances at low energy.
Purpose: A new direct study of low energy 22 Ne(p,γ) 23 Na resonances has been performed at the Laboratory for Underground Nuclear Astrophysics (LUNA), in the Gran Sasso National Laboratory, Italy.
Method: The proton capture on 22 Ne was investigated in direct kinematics, delivering an intense proton beam to a 22 Ne gas target. γ rays were detected with two high-purity germanium detectors enclosed in a copper and lead shielding suppressing environmental radioactivity.
Results: Three resonances at 156.2 keV (ωγ = (1.48 ± 0.10) · 10 −7 eV), 189.5 keV (ωγ = (1.87 ± 0.06) · 10 −6 eV) and 259.7 keV (ωγ = (6.89 ± 0.16) · 10 −6 eV) proton beam energy, respectively, have been observed for the first time. For the levels at Ex = 8943.5, 8975.3, and 9042.4 keV excitation energy corresponding to the new resonances, the γ-decay branching ratios have been precisely measured. Three additional, tentative resonances at 71, 105 and 215 keV proton beam energy, respectively, were not observed here. For the strengths of these resonances, experimental upper limits have been derived that are significantly more stringent than the upper limits reported in the literature.
Conclusions: Based on the present experimental data and also previous literature data, an updated thermonuclear reaction rate is provided in tabular and parametric form. The new reaction rate is significantly higher than previous evaluations at temperatures of 0.08-0.3 GK.
INTRODUCTION
The neon-sodium cycle of hydrogen burning (NeNa cycle) converts hydrogen to helium through a chain of proton induced reactions involving neon and sodium isotopes. The NeNa cycle contributes negligibly to the energy budget, but it is of great importance for stellar nu- * e-mail address: d.bemmerer@hzdr.de cleosynthesis, because it affects the abundances of the elements between 20 Ne and 27 Al [1] . Predicting the abundances of NeNa cycle elements in different astrophysical objects has become highly topical since the discovery of the anticorrelation between sodium and oxygen abundances in red giant stars of globular clusters [2, a review] . In principle, material showing such a Na-O anticorrelation may be produced by hydrogen burning when the temperature is so high that not only the CNO cycle, but also the NeNa cycle is activated [3] . In order to explain how such material can be brought to
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the stellar surface where it can be detected, mainly one scenario is invoked: Pollution of the interstellar medium with the ashes of hydrogen burning from a previous generation of stars. Several candidates have been proposed for such a pollution: intermediate-mass Asymptotic Giant Branch (AGB) stars or super AGB stars [4] [5] [6] , fast rotating massive stars [7] , supermassive stars [8] , massive stars in close binary systems [9] , stellar collisions [10] , and classical novae [11] . A detailed understanding of the nuclear physics of the NeNa cycle is needed in order to sharpen quantitative predictions for the nucleosynthetic output of these objects, which, in turn, are necessary to evaluate their respective impact on the Na-O anticorrelation [8] .
The 22 Ne(p,γ) 23 Na reaction is the most uncertain reaction of the cycle [12] . The uncertainty is due to a large number of predicted but hitherto unobserved resonances at proton energies 1 below 400 keV [12] [13] [14] [15] , and to a number of observed but poorly constrained resonances at 400-1300 keV [16] , see Fig. 1 for a partial level scheme of 23 Na including the astrophysically relevant resonances.
The resonances above 400 keV have been studied several times before, most recently at the 3 MV Tandetron of Helmholtz-Zentrum Dresden-Rossendorf (HZDR) [16, and references therein] . For the resonances below 400 keV, however, data are scarce. The 23 Na states between E x = 8822-9171 keV have been studied with indirect techniques [17] [18] [19] , but in many cases the spin and parity assignments to those levels are uncertain and their γ decay modes are poorly known, if at all. Direct [20] and indirect [17, 18] experiments have been performed to derive the strength of 22 Ne(p,γ) 23 Na resonances below 400 keV, but both approaches only provided upper limits (tab. III). Moreover, three states at E x = 8862, 8894 and 9000 keV have been reported as tentative in an indirect measurement [17] .
The upper limits for the unobserved resonances are treated differently in the literature. In the NACRE compilation [12] , usually 1/10 of the upper limit is adopted as value, with an error bar from zero to the full upper limit. In the Iliadis/STARLIB compilation [13] [14] [15] , several unobserved resonances were completely excluded from consideration, therefore also the uncertainty stemming from these cases was left out [14] . For the other resonances, Iliadis/STARLIB adopted a Monte Carlo sampling technique. As a result of the different treatment of the unobserved resonances between NACRE, on the one hand, and Iliadis/STARLIB, on the other hand, the difference between the adopted rates in the two compilations is as high as a factor of 700 at a temperature of 0.08 GK [12, 15] . Sensitivity studies focusing on nucleosynthesis in AGB stars experiencing Hot Bottom Burning (HBB) [23] and on classical novae explosions [24] show how the uncer-1 Here, Ep refers to the proton beam energy in the laboratory system, E to the center-of-mass energy, and Ex to the excitation energy in the 23 Na nucleus.
[keV] 23 Na resonances below 400 keV, a new direct experiment has been performed deep underground at the Laboratory for Underground Nuclear Astrophysics (LUNA) [25] .
The present data on the E p = 156.2, 189.5 and 259.7 keV resonances has been published in abbreviated form [22] . Here, full details of the experiment and data analysis are given, together with the decay branching ratios of the newly observed resonances. The thermonuclear reaction rate is given both in tabular and parameterized forms for use in stellar evolution codes.
The present work is organized as follows. The experimental method and the setup are described in sec. II. Section III discusses the data analysis technique. The results obtained for each of the resonances investigated are shown in secs. III A-III D. The astrophysical reaction rate and a brief discussion are given in sec. IV. 
II. EXPERIMENT
The experiment has been conducted at the LUNA 400 kV accelerator [26] , deep underground at the Gran Sasso National Laboratories (LNGS), operated by the Italian National Institute for Nuclear Physics (INFN). Owing to its deep underground location, LUNA affords a uniquely low background [25, 27] , allowing to investigate proton capture on 22 Ne with unprecedented sensitivity [28] .
A. Ion beam and target chamber
A proton beam with a typical intensity of 200 µA was delivered to a differentially pumped, windowless gas target [28, for details]. The target chamber was filled with 1.5 mbar of neon gas, enriched to 99.9% in 22 Ne. A recirculation and purification system collected the gas exhaust from the pumping stages, removed possible contaminants through a chemical getter and finally recycled the gas to the target chamber, keeping the purity of 22 Ne constant throughout the measurements.
The beam entered the target chamber through a water cooled copper collimator (denoted AP1 in fig. 2 ) of 4.3 cm length and 0.7 cm diameter and was stopped on the hot side of a beam calorimeter, used to measure the beam intensity with 1% precision [28, 29] .
The gas density as a function of the position inside the chamber and the beam heating correction have been studied in details [28] , giving the areal number density of the target atoms with an overall uncertainty of 1.3%. The possible presence of an air contamination in the gas was checked periodically using the intense 14 N(p,γ) 15 O resonance at E p = 278 keV. The nitrogen level in the gas was always found to be below 0.1%.
B. γ-ray detection system
Emitted γ rays were detected by two high-purity Germanium (HPGe) detectors ( fig. 2 ): One, of 90% relative efficiency [30] , was mounted on top of the target chamber and was collimated at 90
• (Ge90). The other, of 135% relative efficiency, was mounted below the target chamber and collimated at 55
• (Ge55). Both detectors were enclosed in a copper and lead shield of 15-25 cm thickness, absorbing γ rays from the decay of environmental radioactive isotopes [28] .
Two independent data acquisition systems were used in parallel: one with a 100 MHz, 14-bit CAEN N1728B digital ADC providing list mode data and the other with a standard analog signal amplification chain and 16k channel histogramming Ortec 919E ADC unit.
The detection efficiency for γ-ray energies between 478 and 1836 keV was measured with point-like 137 Cs, 60 Co and 88 Y activity standards from Physikalisch-Technische Bundesanstalt, calibrated with < 1% error, and one 7 Be radioactive source produced at MTA ATOMKI (Hungary) and calibrated with 1.5% uncertainty. By moving each of the radioactive sources, in turn, along the beam axis, the peak detection efficiency was measured as a function of the distance from the AP1 collimator (see the left panel of fig. 3 for the efficiency profile at E γ = 478 keV, measured with the 7 Be source). The shape of the profile is dominated by the collimation geometry. For both detectors, the efficiency profile is maximal at a distance z = 6.2 cm from AP1 ( fig. 3, left panel) .
The efficiency curve as a function of γ-ray energy was then extended up to E γ = 6791 keV using the well-known 14 N(p,γ)
15 O resonance at E p = 278 keV [31] (E x = 7556 keV). This resonance de-excites either directly to the ground state or to one of the excited states at 5180, 6172, and 6791 keV. Each of these three states, in turn, decays with 100% probability directly to the ground state. In the cascade via the 6172 keV (6792 keV) level, a 1384 15 O reaction, which were used to normalize the detection efficiency at 6 MeV (see text for details).
keV (765 keV) γ ray is emitted, lying in the energy range where the efficiency can be determined using radioactive sources. This allows to determine the efficiency for 6 MeV γ rays using a relative approach: The efficiency at 1384 keV (765 keV) is derived from the fit of the radioactive sources data, then the efficiency at higher energies was calculated normalizing the 6172 keV (6791 keV) counting rate to the counting rate of the 1384 keV (765 keV) peak.
Given the short beam-detectors distance, true coincidence summing had to be taken into account in the evaluation of the detection efficiency. The summing-out correction [30] depends both on the full-energy peak efficiency and on the total detection efficiency. A Geant4 [32] simulation of the setup was used to determine the peak-to-total ratio and to infer the total detection efficiency for 60 Co, 88 Y and 14 N(p,γ) 15 O γ rays. The summing out correction was always between 0.028 and 0.040, depending on γ-ray energies. A conservative uncertainty of ±20% on the summing-out correction was adopted. Fig. 3 (right) shows the full-energy peak efficiency as a function of the γ-ray energy, measured at 6.2 cm from the AP1 collimator. Fits of the efficiency curves with second-order polynomials in the double-logarithmic plane [33] are also shown, together with the fit residuals. The total uncertainty on the detection efficiency determined through the fit functions in fig. 3 is always at the 1-2% level.
Further details on the experimental setup, and on the data analysis, can be found in thesis works [34, 35] .
III. DATA ANALYSIS AND RESULTS
For each resonance studied here, as a first step a run was performed at the beam energy where the maximum yield was expected according to the literature resonance energy, the beam energy loss and the efficiency profile of the detectors. If a signal was observed, a resonance scan was performed, changing the beam energy in 1-2 keV energy steps and measuring the yield of the E γ = 440 keV transition from the first excited state to the ground state of 23 Na. Finally, a long run was performed at the beam energy where the maximal yield was observed, aiming for a statistical uncertainty below 10% for each detector.
The branching ratio B x for each transition x was then derived using the following relationship:
where N i is the number of counts observed for each γ line and η i its peak detection efficiency. As the γ-ray spectra were always dominated by the resonance under study, the contribution from possible unobserved transitions was assumed to be negligible in the branching ratio analysis. Only one detector, Ge55, was used for the branching ratios determination. The second order Legendre polynomial vanishes at 55
• , minimizing possible angular distribution effects.
In order to determine the energy of the three newly discovered resonances, each resonance scan was compared to the efficiency profile measured with the 7 Be source. The maxima of the efficiency profile and of the resonance scan are expected to be in the same position along the target chamber, because the two γ-ray energies are very close by (E γ = 478 keV for 7 Be, and E γ = 440 keV for the resonance scan). The resonance energies were then calculated using the relationship:
where:
• E p is the proton energy corresponding to the maximum in the yield profile of the resonance,
• x is the distance between the place of the efficiency maximum ( fig. 3 ) and the right edge of the AP1 collimator ( fig. 2 ),
• x coll is the effective length of the AP1 collimator ( fig. 2 ),
• dE/dx is the proton energy loss per unit length in neon gas, and
• ∆E pipe ≈ 0.5 keV is a correction introduced to account for the proton energy loss in the tube that connects the first pumping stage with the target chamber [28] .
The uncertainty of E res p was estimated taking into account the systematic uncertainty on the proton beam energy (0.3 keV [26] ) and on the proton energy loss in neon gas (1.7% [36] ). The overall uncertainty is two to three times smaller than the uncertainty reported in the literature [14, 19] .
The results on the resonance energies are shown in table I, together with a comparison with previously reported values [14, 19] . The values by Jenkins et al. [19] for the excitation energy E x have been reported with 1 keV uncertainty. For comparison, the Jenkins E x data are converted to resonance energies E res p using the Qvalue of the 22 Ne(p,γ) 23 Na reaction, which is precisely known, Q = (8794.11±0.02) keV [37] . Also, new recommended excitation energies E x are computed from the present E res p values (table I) . [19] . The values for the excitation energy Ex from the present work (LUNA) and from Jenkins et al. [19] are also shown.
156.2 ± 0.7 158 ± 2 156.8 ± 1.0 8943.5 ± 0.7 8944 ± 1 189.5 ± 0.7 186 ± 2 186.0 ± 1.0 8975.3 ± 0.7 8972 ± 1 259.7 ± 0.6 259.2 ± 1.0 258.2 ± 1.0 9042.4 ± 0.6 9041 ± 1
The present new resonance energies are consistent with the literature, with the exception of the 189.5 keV resonance, which was expected to be found at 186 keV [14, 19] . The resonance energy enters the reaction rate calculation in an exponential term (eq. 7). Therefore, at T 9 = 0.2 this seemingly small 3.5 keV shift in resonance energy leads to 18% reduction in the thermonuclear reaction rate contributed by this resonance, underlining the importance of a correct energy determination.
For cases where the statistics collected on single γ-ray transitions was sufficient, the coincidences between the two detectors were studied, in order to confirm that the newly observed transitions are actually related to the decay of the resonance under study.
Finally, the resonance strength was deduced from the measured yield, assuming an infinitely thick target, i.e. the proton width Γ p was assumed to be much smaller than 4 keV (the typical proton beam energy range covered by the HPGe detectors, fig. 4 ). Then, the following relationship [38] applies:
where R is the effective stopping power in the laboratory system, λ R is the centre of mass de Broglie wavelength at the resonance energy, and m t and m p are the masses of the target and projectile, respectively. The total reaction yield Y max was obtained with the following formula:
where Q is the total integrated charge, N i is the number of counts measured for the primary transitions i and η i is the corresponding detection efficiency. With this approach, the resonance strength is independent of the branching ratios found. The systematic uncertainty on the resonance strength includes 1.7% uncertainty on the effective stopping power [36] , 1% uncertainty on the beam current determination and an uncertainty between 1% and 2% on the detection efficiency.
The tentative resonances at 71, 105 and 215 keV have also been investigated but no γ lines from the decay of 23 Na were observed, therefore new upper limits on the resonance strengths were determined.
In the following section, the results obtained for each resonance are discussed. By strength, the 156.2 keV resonance is the weakest resonance observed in this experiment. However, it has a significant astrophysical impact, as discussed below in sec. IV. The excitation function and a typical spectrum of the resonance are shown in figures 4 and 5, respectively. The single yields measured with each of the two detectors are mutually compatible within statistical errors, therefore no correction was made for the angular distribution, and the total yield was simply taken as the average of the Ge55 and Ge90 yields.
The final resonance strength is ωγ = (1.48 ± 0.10) × 10 −7 eV. This value is compatible with the upper limit provided by the previous direct experiment [20] (see tab. III). Surprisingly, it is a factor of 16 higher than the upper limit for the resonance strength given by the most recent indirect study, ωγ ≤ 0.092×10 −7 eV [18] , which is the value adopted by Iliadis/STARLIB [13, 15] .
Ref. [18] assumed the level to have J π = 7/2 − , meaning their deduced spectroscopic factor and resonance strength probably refer to the second level of the doublet, not observed here. The existence of a second state with J π = 3/2 + at the same energy was only reported much later [19] . It should be noted that an earlier indirect resonance strength determination, based on a spectroscopic factor from (d,n) stripping reactions and also assuming J π = 7/2 − , gave a strength of ωγ = 6.5×10 −7 eV [39] . The present, direct resonance strength lies between the two indirect numbers [18, 39] , which differ by a factor of 70. The 189.5 keV resonance, which corresponds to the 8975.3 keV excited state in 23 Na, strongly affects the 22 Ne(p,γ) 23 Na reaction rate for classical novae. The resonance energy is 3.5 keV higher than previously assumed ( fig. 4) . Figure 6 shows the comparison between the onand off-resonance spectra.
The only literature information on the γ decay of the 8975.3 keV level comes from Ref. [19] , where this level was reported at 8972 keV. In Ref. [19] , only a transition to the 2982 keV state was observed. In the present work instead, in addition to this transition, five others were also observed, and two of the new branches are each ten times stronger than the only previously reported branch 8975→2982 (tab. II). It can only be speculated that these strong transitions were obscured by some background in Ref. [19] , where many states were populated at the same time, with the entry point at 13 MeV excitation above the 23 Na ground state.
As an additional cross-check, the most intense among the new transitions was studied by the analysis of γ-γ coincidences between the two detectors: a coincidence gate was applied on the 440 keV transition in Ge90, then the coincident spectrum of Ge55 was analyzed. The coincidence spectrum obtained is shown in fig. 6 , compared to a coincidence spectrum obtained gating on a background region next to the 440 keV peak and as wide as the region of interest of the 440 keV peak.
The newly discovered transitions from the 8975.3 keV state to the 440 keV and 2076 keV states, which taken together account for 90% of the total decay probability, are both observed in coincidence with the 440 keV peak at 95% confidence level. The previously known [19] decay to the 2982 keV state was also observed here, but it is much weaker than the two new decays, at 3.7% branching (Color online) Top: γ-ray spectra measured at the proton energy of maximum yield of the 259.7 keV resonance (black) and 9 keV below the maximum (turquoise). Bottom: coincidence spectrum obtained gating on the 440 keV peak in Ge90 (black) and on a background region adjacent to the 440 keV peak (red). The inset enlarges the high-energy part of the spectrum.
ratio.
A resonance strength of (1.87±0.06)×10 −6 eV is finally obtained here for the 189.5 keV resonance. This is only slightly below the previous experimental upper limit of ≤2.6×10 −6 eV [20] . In the previous indirect work by Hale et al. [18] , a value of 3.4×10 −6 eV had been found based on the ( The resonance at 259.7 keV is the most intense one observed in the present experiment. The resonance scan is shown in figure 4 , and a partial γ ray spectrum with the most intense transitions is shown in figure 7 .
This resonance corresponds to the 9042.4 keV excited state in 23 Na. This level was reported as part of a doublet with a 9038 keV level [19] . According to [19] , the 9038 keV level has J π = 15/2 + , while the 9042.4 keV level has J π = 7/2 + or 9/2 + . The γ transitions reported in [19] for the 9038 keV level (9038→7267, 9038→6234, 9038→5533) are not observed here, in an almost background free spectrum ( fig. 7) . This is expected, because of the high angular momentum barrier due to the 15/2 + angular momentum of this level.
For the higher level in the doublet, 9042.4 (reported as 9041 in Ref. [19] , 7/2 + or 9/2 + ), the angular momentum barrier is much lower. Two decay modes were observed in the literature, 9041→2076 and 9041→440 [19] . These transitions correspond to the most intense γ rays observed here. Several additional transitions have been observed in the present experiment ( fig. 7 and tab. II).
Following the procedure described for the case of the 189.5 keV resonance, also here the γ-γ coincidences were studied. The transitions from the resonance to the 440, 2076, 2703.5, 3848 and 6042 keV states are observed in coincidence with the 440 keV γ ray ( fig. 7 ) at 95% confidence level, confirming the correctness of the branching ratios derived in the present work.
The new resonance strength, ωγ = (6.89±0.16) × 10 −6 eV, is twice as high as the previous experimental upper limit, ≤2.6× 10 −6 eV [20] . It is possible that it was missed in that work [20] due to an insufficient number of energy steps. The previous indirect upper limit is ≤0.13× 10 −6 eV [18] , but the spin-parity was only tentatively identified there and no complete angular distribution was available, so it is possible that the measured upper limit for the spectroscopic factor referred to the other state of the doublet, the 15/2 + level at 9038 keV, which is astrophysically irrelevant due to its higher spin and, hence, higher angular momentum barrier. The tentative resonances at 71, 105 and 215 keV were searched for by setting the beam energy to populate each resonance at the target position where both detectors had maximum efficiency. Because of the width of the efficiency plateau, for a given resonance energy E The existence of the three excited states corresponding to these states had been reported as tentative in an early 22 Ne( 3 He,d) 23 Na experiment [17] . A later study with the same method re-investigated the 71 and 105 keV resonances but could only find upper limits [18] . The Nuclear Data Sheet lists the existence of all three levels as tentative [21] . However, for each of the first two levels, corresponding to the 71 and 105 keV resonances, a definitive spin-parity assignment of J Π = 1/2 + is given [21] . This value is justified [21] with the assumption of l=0 angular momentum transfer in the 22 Ne( 3 He,d) 23 Na reaction. However, these levels were only tentatively or not at all detected in the two 22 Ne( 3 He,d) 23 Na experiments [17, 18] , so the assumed J Π assignment for the 71 and 105 keV resonances [21] seems speculative and is not followed here. For the tentative 215 keV resonance, no spin-parity assignment is given [21] .
Also in the present experiment, none of the three resonances was detected. Instead, upper limits for the resonance strengths were derived assuming 100% branching ratio for the 440→0 keV transition from the first excited to the ground state.
For the evaluation of the upper limits the Rolke method has been used [40] , which applies the profile likelihood technique in the case of a Poisson-distributed signal, taking into account the uncertainty on the background determination. In the present case the background estimate is based on experimental data, i.e. on the number of counts in two spectral regions on the left and on the right side of the 440 keV peak. The background thus has similar uncertainty as the signal, which is why the Rolke method is used here. Fig. 8 shows the regions of interest adopted for the signal and for the background estimation in the case of the tentative 215 keV resonance. The regions of interest were chosen using spectra from different, observed resonances where the 440 keV peak was clearly in evidence, and then used without change for the tentative resonances.
The present new upper limits are summarized in table III. Owing to the ultra-low background at LUNA, the new limits are orders of magnitude lower than the upper limits from the previous direct experiment [20] . It should be noted that the limits calculated are purely experimental, different from indirect upper limits available from the literature which depend on the spin-parity assumed and on the normalization for spectroscopic factors [18] .
IV. ASTROPHYSICAL ASPECTS
An updated reaction rate has been calculated using the results from the present experiment and the most recent literature data [15, 16] . The input parameters for the reaction rate calculation are listed in table III and explained in the following.
The effect of cross section enhancement due to electron screening [41] has been taken into account in the reaction rate calculation. The resonance strength is proportional to the proton partial width Γ p , which, in turn, depends on the Coulomb barrier penetrability P l (E) as a function of partial wave l and energy E. The enhancement of the cross section, hence the resonance strength, measured in the laboratory due to the electron screening effect [41] can be expressed by the enhancement factor f given by:
where E is the resonance energy in the center-of-mass system, U e is the screening potential, and ωγ bare is the resonance strength for a bare nucleus without atomic electrons. In the adiabatic limit, the screening potential U e is given by the difference between the total electron binding energy of neutral 23 Na and the combined binding energies of neutral 22 Ne and neutral 1 H [41] . Using tabulated values [42] , U e = 0.895 keV is found. For l = 0, which is usually the case at low energy, f can be approximated as [43] :
exp [−2πη(E + U e ) + 2πη(E)] (6) where η(E) is the Sommerfeld parameter [38] . For the resonances studied here, the calculated screening enhancement factors f in the adiabatic limit are included in table III. In order to obtain the bare resonance strength ωγ bare , the strength values listed in table III have to be divided by the respective f value.
For the intermediate-energy resonances at E p = 436, 479, 638.5, and 661 keV, recent experimental data [16] have been used. For the resonances at even higher energies, E p > 661 keV (not listed in table III), and for the 29 and 37 keV resonances, energy and strength data from the STARLIB compilation [15] are used here.
Using these input data, a Monte Carlo technique has been adopted to calculate the reaction rate: a random sampling of the input parameters that enter the reaction rate calculation was performed, assuming a Gaussian distribution for the resonance energy, and a lognormal distribution for the resonance strength [44] .
The upper limits on the strengths of the tentative resonances at 71, 105 and 215 keV were also included using a Monte Carlo approach but taking into account the probability density function of the present experimental data: for each tentative resonance, Poisson-distributed random counts in the region of interest and in the background were extracted, then a number of net counts was derived subtracting the background from the ROI counts. The resonance strength was then calculated using eq. (3).
For each of the temperatures in table IV, the random sampling of all parameters was repeated 10 4 times and the total resonant reaction rate N A σv R was calculated for a grid of temperatures T 9 with the relationship [38] :
where T 9 is the temperature in GK, µ = m 22 m p /(m 22 + m p ) the reduced mass in amu (atomic mass units), (ωγ) i the strength of resonance i in eV, and E res i the center-ofmass energy of resonance i in MeV. The total reaction rate N A σv is then given by:
with N A σv DC the direct capture contribution, assuming a constant S-factor of 62 keV·b with a relative uncertainty of 40% [39] .
At each given temperature, the 'low', 'median' and 'high' value of the thermonuclear reaction rate were then determined using the 0.16, 0.50, and 0.84 quantiles of the probability density function for the total reaction rate.
The three tentative resonances at 71, 105 and 215 keV were treated in a special manner for the 'low' rate. For this rate, they were simply set to zero, with uncertainty zero, as had been done previously by Iliadis/STARLIB [13] [14] [15] . In this way, the remaining uncertainty due to the non-zero experimental upper limit led to a relatively large error band especially at T 9 ∼ 0.07, where the influence of the 105 keV resonance is greatest. This error is much larger than the one by Iliadis/STARLIB [13, 15] , but more realistic given the strong differences between indirect and direct results observed here for the 156.2 and 259.7 keV resonances.
The reaction rate is provided in tabular form in table IV. In the temperature range 0.02≤T 9 ≤2, it can be ap-proximated to ±4% by the following analytical formula:
exp(p 5 /T 9 )
exp(p 9 /T 9 )
exp(p 11 /T 9 ) with coefficients: 
The contribution of the various resonances to the total reaction rate is shown in fig. 9 and discussed in the following paragraphs.
At the very lowest temperatures, T 9 ≤ 0.05, the reaction rate is almost completely dominated by the 37 keV resonance, whose energy and strength are so low that a direct strength measurement cannot be conceived of with present technology. It has to be noted that at these low temperatures, the NeNa cycle is very inefficient and hardly contributes to nucleosynthesis, when compared to the CNO cycles.
At somewhat higher temperatures, T 9 = 0.05-0.1, the present median rate is dominated by the tentative resonance at 105 keV. Even though it is not observed, the little rate contributed by the nonzero part of the probability distribution function derived from the present upper limit is enough to dominate the recommended rate, and the error bar. It is clear that this resonance warrants further study. Just such a measurement is presently underway at LUNA. It should be noted that the 1σ lower limit of the thermonuclear reaction rate has been calculated setting this resonance to zero.
At even higher temperatures, T 9 = 0.08-0.2, each of the two newly observed resonances at 156.2 and 189.5 keV contributes more to the rate than the total recommended rate in the previous Iliadis/STARLIB compilations. The total rate enhancement is up to a factor of three, even when the tentative resonance at 105 keV is left out. The relatively strong new resonance at 259.7 keV contributes much less to the reaction rate, only up to 10% of the previous total. The direct capture component, assumed to be described by a constant S-factor of 62 keV barn [39] , contributes in this temperature range, as well.
For even higher temperatures, 0.2 ≤ T 9 , a number of resonances above 400 keV play a role, and in particular three resonances recently studied at HZDR [16] are included in the present rate.
The tentative resonances at 71 and 215 keV have been omitted from fig. 9 , because they contribute less than 1% to the previous total rate at all temperatures shown here.
T9
Low 
V. SUMMARY AND OUTLOOK
A new direct study of the 22 Ne(p,γ) 23 Na reaction has been performed deep underground at LUNA. Three res-onances at 156.2 keV, 189.5 keV and 259.7 keV have been observed for the first time. For these resonances, new resonance strengths ωγ have been measured, superseding the previous upper limits. Moreover, new γ-ray transitions and the corresponding branching ratios are provided. Two of the three new resonances observed here (156.2 and 259.7 keV) have an experimental strength that is more than a factor of ten higher than a previous indirect upper limit, underlining the uncertainties involved when using indirect data.
The three new resonances lie directly in the Gamow window for the hot bottom burning process in AGB stars, and they also address the lower part of the Gamow window for classical novae explosions. The full astrophysical implications will be addressed in a forthcoming publication.
Improved, direct upper limits for three tentative resonances at 71, 105 and 215 keV have also been determined. The new limits are two to three orders of magnitude lower than the limits from previous work and do not rely on spin-parity assumptions that may significantly affect the upper limits determined with indirect approaches.
A new study of the 22 Ne(p,γ) 23 Na reaction is currently ongoing at LUNA using a high-efficiency 4π BGO detector. In that experiment, the tentative resonances and the direct capture contribution will be investigated with unprecedented sensitivity.
